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Ie INTRODUCTION 


Fundamental knowledge of the interactions of 
neutrons and gamma rays with matter is essential for an 
understanding of nuclear shielding. Most shielding 
studies have been concerned with the attenuation of rad- 
lations by materiais in bulk. Little work, however, has 
been done on the effects of ducts and other openings in 
shields. Nearly every shield must be perforated to some 
degree, and leakege through such openings may constitute 
the major uncertainty in the shield design. The M.I.T. 
cyclotron has recently been relocated inside a concrete 
shield. <A large movable section of this wall provides 
access to the inside of the cyclotron vauit. The par- 
tially elevated door provides a convenient platform on 
which materials can be arranged for test purposes, 

In the present work concrete blocks containing 
Six-ineh ducts were used. The effects of ducts on the 
neutron and gamma ray attenuations in the shield were 
investigated. The practical results of such a study as- 
sist in determining the optimum shape and position of 
openings and voids in shields. The particular experi- 
mental arrangement which we have used at the M.I.T. cy- 
Glotron provides data of direct value in the theoreti- 


cal understanding of ducts, The use of water tanks in 
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The N.I.T. cyclotron is installed in e room 
whose principal interior dimensions are 22' by 16' by 
12', It ie shielded by ordinary conorete of thickness 
four feet on each of four sides and three feet on top. 
The general arrangement is as shown in Figure il, 

Aeoassa to the interlor is by an opening in 
the shield &'6" high, This opening io eight feet wide 
at the inside of the shield, nine fect wide at tha oute 
side. It is closed by @ oonoretea door four feet thick, 
whieh is lifted vertiosily inte position from e reeess 
in the floor by hydraulic power. The step in ita hori- 
zontal eross section et the mid-point prevents the 
straight-through penctration of redilation at the door's 
edly. @. 

The econerete mix used in the fabrication eof 
the eyelotron shield was prepared by the Boston “and 
and Gravel Company using one part by woignt® Type II 
Yortiend esment, two parta sand, and four parts gravel 
(1" erated to 1/4"). The chemical analyais of the ce- 
ment on a weight basis is given in Table I. 
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Plan View Of Cyclotron And Shield Showing Position Of Ducts 
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TAMA T 
Ce 0 63.3% (est. ) 
B1 Os 22.2% 
Alg O, 5e lh 
Fez 04 be Sf 
ig, 0 Leb 
8 0, 1. 5h 
Mise. 1.6% 


An estimate of the composition ef the sand 
and aravel used is based on its origin and given in 
Table II. 


TAM IT 


Sand and Gravel Composition 
in Cyclotron Yall 
(weight basis) 





Send Gravel 
S2 O5 95.07% 73.608 
lg 03 1.63% Lise luli 
Fes 03 C.04% Pe 
Fe 0 0.27% 1.49% 
Ca 0 0.25% 1.00% 
Ras 0 0, San be 20% 
Ky 0 0.61% lye OY 
Me 9 trace trace 





An analysis of the concrete by Oak "ides 
National Laboratory indieated « water content of 7.66 
by weight. From the foregoing, the cyclotron wall has 
an average composition as given in Table ITI. 


TAPLE TIT 
Average Composition of Concrete 
£ : wail 
ri t basis) 
sf O, &, 
0 50.8é 
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Misc. 0. 33 














The reaction Se’(d,n)5'" provided an inbenuws 
source of fast neutrons and onergstic esoma ruys. he 
neutron spectrum from this source hae been Lovestieated 
both theoretically an¢ experimentally by vehen” usiag 
l4-Nev deuterons (see FPieure 2). ‘Since the deuterons 
incident on the beryliiusm in the present eaperinante 
wers approxipately 15 Mev in ensrey, the Pesuitiar Neu- 
trou spectrum should o¢ very similar to thet cetlarmined 
by Cohen. 

In interpretine tne reauite of these eaperi- 
mants, however, it is desirable to Anow the spectrum and 
distribution of neutrons at the entranoe to the ducts, 
fa shown in Pigure 1, the cuet enitranoes are oriented ap- 
proximately 90° to the direction of the deuteron beam + 
the tarest,. Cbhviovsly the aeutron intensity is greatest 
in the forward direction, Roberts and Avelson? found 
five to twenty times as anny neutrons at 0” to the deu- 
teron beam as at 90° using Au, Cu, Al, @nd © taraets, 
and Cu, Ag, Al, and @n detectors. Necent akperiaegnte by 
Falk, “eitz, oné Creutz? using the e9(d,e) 829 reaction 
show a helf-width of 26 degrees for the intensity of the 
enercent neutron cone oe determined by Ag detectors (6- 
Mey thrasheold) and of 31 depreta os determined by Ou dex 
tectors (12,5~-Mev throshol.d), 


Yrom the foremoine, it weoule be expeetod that 
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O small percentace of the neutrons produced at the tar- 
get woulcé be directed toward the ducts. “uch neutrons 
must penetrate a minimum of eight Inches of seattering 
materiel (brass) in the cyclotron vacuum chamber, dees, 
and resonant lines. Ths probability that a neutren 
from the terget would not be soattered before reaching 
the duct is < 02, 

Insofar es it affects the neutron spectrum 
and the ongular distribution at the duct entrances, 1t 
is importent to distinguish between neutrone produced 
at the target and slsewhere, ‘inoe only 10 to 25 per 
oent of the resonant ion beam reaches the tercet, a 
diffuse source of neutrons will be produced in the eop- 
per of the des structure and in the tungeten saptun, 

Ags @ Tirst approximation in thease cxperinerits, 
the cyclotron vault may ve considered ag a diffuse 
gource of neutrona. To test this hypothesis, the con- 
erets blocks were rearranged to reposition the straight 
duct as shown in Figure 5. The neutron attenuations —§. 
for both positions (see Figure 9) ere nearly identio#l 
over most of the duct length. The re#uitae tend to sup- 
port this approximation, It appears thet the souree of 
neutrons wes sufficiently constent over the inner face 
ef the concrets blocks to allow without correction a 
comparison between duets of different shepes lecated at 
emul) distances from cone another in the frent door of 


the cyclotron shield, 2 
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The Assign and errengasent of the cyclotron 
deor is such that it can be conveniently adapted to an 
experimental study of the problem under investiration. 
By lowering the cyclotron deor, an opening oc@n be made 
in the shield at its top. iy filling this openime with 
conerete blocks containing duets of a salected size, an 
effective substitute can be made for the actual pene-~ 
tretion of the shield iteelf,. 

A set of conorete blocks wee cesicned shose 
overall dimensions in a horizontal plane wore identical 
with those of the horizontal cross section of the door. 
The primary considerations governing their thickness 
were the size and conformation of ducts to be studied, 
the allowable overload on the hydraulic hoisting systea, 
and the desirability of separatiag the duets from dis- 
continuities in the shielding medium, In order to &e- 
commodete counter tubes and their agsoclated e,ulpmeant, 
and, in addition, te obtain a sectional aroa of duct 
large compared to the erea of folla used for detection, 
e duct dlameter of six inches was selected. « 1/&=ineh 
thick steel plate on top of the cyclotron coor made it 
desirable to separate the outer edee of the cuot from 
this discontinuity by at least nine inches. CGiviag eon- 
sideration to the allowable overload on the hytreulis 
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hoisting system for the coor, it was consideres desirn- 
ble to licit the overload to between four and five tons. 
A tetel block thickness of twenty-four inches end ovear- 
all weirht of about 4.4 tons were cocordingly chosen. 
The only difficulty experienced ex ao resmlt wes the lis- 
itetion thereby imposed on the cenforration of the heli- 
esl duct. 

For conveniences in hundling, the weicht waa 
divided between eight blocks. Ths interfaces between 
blecks were offset to prevent the straight-through pen- 
etration of neutrons and gamma mys in the cpenings be- 
tween blocks, Considerable eare wee teken in aenufec- 
ture to obtein smooth syuwre feces both to minimize sueh 
penetration and to maintain the eshicldine oeedium as uni-~ 
form as possible. The effecte of such divcontinuities 
were further reduced by locatines the ducts as far és 
possible from them. Reinforcing a@terial wes Sot ued 
in order completely to avoid any effects of the suclear 
reactions that would result from ita ues, 

“Mrst consideration was given to © ®uct with 
two right-angle bends e@ shown in Figure 3, It was 
thought desirable to penetrate the shield by displacing 
two aections of a streirht duct @nd joining those sauce 
tions with an intermediate seetion normal to both. In 
an attemot to keep as much ahiéleinge s®terionl aa Dosai- 


ble in line with each of the diaplaced sestions, they 
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were oade equal in length. It seemed probable, morecver, 
that a duct would be effeetive if the amount of muteriol 
removed in straight lines slong the duct axia were kept 
continuously small, / duct was accordingly designed 
whose center line wes a helix of helical engle 270°, It 
was necessary to restrict the unele to this value as 8 
mxinum in order to prevent the duct from closing on a 
line normel to the inner fece of the ahial® at the duct 
ontrance. 

To compare accurately the attenuations obtained 
in each duct, it was necessary that they either be tested 
unger jdentical conditions of eyelotron operation (an ime 
possibility) or that they be referred to some standard, 
Moreover, it seemed important to investigate the proper- 
ties of a straight duct. ilenee, the blocks were dcesigned 
to inelude such a duct for besic study. ‘4t the same time 
measurements made on the straight duct were used for nor- 
molization of the measurament on other ducta, 

Certain of the investigations required that the 
Guests be closed in whole or in part. Conerete plugs of 
verying lengths were therefore fabricated es shown in 
Figure "7. 

The composition of the conerste plugs wee that 
of the concrete blocks, ‘4 recess was provided st one end 
ef each block for the insertion of foils anf foil hold- 
era, The varieble leneth of the plues made it poesible 
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Figure 7. 





Blocks in place on lowered cyclotron door 
with cyclotron in background. Note foil 
holders in exit of bent duct and concrete 
plugs in position in exit of straight duct. 
Extra concrete plugs are shown on top of 
the blocks, 





Figure 8. 





View showing blocks in po: wey es oy 4 
tron door in the elevated position. 


arrangement of foils for measurement of 


radial distribution around outlet from 
straight duct. 
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tf a thin foil of thicrzese T and erga A cun- 
taining % nuclei cf absorption cross section =(B) at 
nevtron anergy f per unit volume i@ placed in e neutron 
flux av(FE)}, the mumber of neutrons ebsorbed par second 
is given by 


Faax 
qe 2 f mete) la oC] ax, a 
Sain 


Tf the foil is exposed in tha flux for o time t, and bas 
an activity of mean life 7, the readiosctivity produced 
will be given by 


te/ 

=Q (1 -e 77) dieintegrations 

Re per 
second, (2) 


Furthermore, if the detactor bes a cross seotion which 


varies as 1/v, 
Qa af nar. (3) 


Wany elements, including indium!l5, exnibit a 1/v change 
in cross section and therefore ero activated in accerd- 
anee with equation (3). In? has a cross section of a- 
bout 100 barns at 0.1] ev which inore&ses as 1/v for de- 
orsasine energiscs (54-minute bets sotivity). In addi- 


tion, it has a high (26,400 barns) anc narrow resonanes 
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at 1.44 ov. OSadniue bee on ebeerption cross seetion of 
7800 barns wt 0,10 ev which drops aburply «dove thie en- 
ergy. The result of enclosing on indium foil in endmiue 
(~1 mm thick) ie that emsentially «11 the thermal neu- 
trona are ebsorbed in eedmium, If two eyual indium 
foils are simultaneously irredieted in a neutron flux, 
one encased in a cadmium holder and one aneseed in an 
aluminum holder whieh is esseatinlly trénpaparent to neu- 
trons of all energies, the activity of the foll in the 
eadmium holder will be proportional to the lL.44e-ev flux 
(indium resonance neutrons) and the wctivity ef the foil 
in the aluminum holder «ill be propertianel to the total 
flux 1.44 ov plus thermals, Simple subtrection of tha 
two activities cives en eotivity proportional to thermal 
flux elone. 

This cedmiun-difference eothod veo used to de- 
tect neutrons in the low energy renew. Thrilun hes two 
etable isotopes, Im’45, which constitutes 95.5 per cent 
of the natural elesent, and tnt43 | which constitutes the 
remaining 4.5 per oent. iwutron canture in m423 leads 
to two beta activities with half-lives of 49 days and 72 
seconds, neither of which was significant for our mease 
urements due to the hnlf-lives involved end the small 
percentage of the isotope present. Weutron capture in 
tn215 leads to the 54-minute octivity mantioned above 


and also to a l3-second eotivitys the lattcr wes Gade 
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negligible in those «aperimontse ly fllowing et least | 
three mimtes te elagge tefure courting dagen, rn/25 
may also be excited Sy on invlestio sonttoring process ‘ 
to a metestebls level et 340 kev, Feterying to the . 
ground stete by # strougly intermlly-converted » amma 
trunsition of 4.5—hour half-life. The toreahold for 
this excitation is about 1 Mev aut the crose section is 
about 0,36 barn, Buseé on the experinents of Tittie?, | 
Faul and Yormer®, it ie concluded that thiw setivity is 
negligible in the prement experinenty, 

The presence of @ foll lesde to a perterbre- 
tion of the neutron flux, Sothe? derived the following 
foll drain faoter for dLlLecs: 


f = EE — (4) 


MEGS ey 


ee le oF? (1 = 4d) + u® 598, (aud) (5) 





where Q * aveéress absurption prombility fer 
eny neutron striking the foils 


& » thickness of the foil; 


a ™ reciprocal of the saan free path in 
the foil; 


FP, = logerithsic energy intervals 
Ry = yadine of the foils 


“eo = sdattaring eean free path of the 
madium @urrounding the foils 


L = diffusion length for neutrons in 
the medium surrounding the foil. 


= es 
s “ ~~ —" 
eT ye 
ran ss. 
: " - 
‘ 


-= -~ es) set dnasaae 
= = ema 


—_ 
in eo oe 
an a = = « 
et ee Whe ott the 
— ~S —— ee 2 


' A 3 
ee | —_ + 7 
—_——— > ™ 


* 
a 
7 rere on = th Penk eel "ye . > ——— —_ 


| © avait a eats 6 
BOR oe oe i ae: . % 
sonal eamaiiietichaesop 
ee 


a au patvercems « 
Se Y 


: opt +t +--+ 


































Sed 


























oa & 


-~ 15 - 


ing man free pth in air, f is oegligible for foils lo- 
gated within ducts, Mo drain cerrections were sace for 
sueh foils, 

4 correction for tho attenuation of the end- 
mium holders must be meade becuse of the appreciable 
eress secticn for l.ddesv aeutrons (11.5 Marws). This 
correction has been ecsleulated by mecne of equation (5) 
as 1.11 for lemm cadmium, holders, lacey, Pains, end 
Soodman? Lavestigeted this corraction experimentally 
and obtained a cadunium attenuation fuetor for resonmnec 
neutrons of 1.12, A correction cf 1.11 wee used in all 
computations in this work, 

Beutron flutes in the high erergy region were 
obtained by thrmhhold detection, » crude methrd ef neue 
tron sopeetroscopy which makes use cf varying thresholds 
for activation by high anareay neutrons, The precominant 
factor in éetermining the actuel threshold energy for 
neutron setivetion is the prewebility funetion fer pene- 
tration ef the coulomb barrier by the preton or elpha 
particle which must »e expollad to sroduce & radicactive 
Gaughter, Bethe! derived o penetrability Tunction show- 
ing thet the prowbiilty of eacege cf «a charged particle 


fron a nucleud is 








Cialis Aye © Sh peer te Welter, ar bw =! 
e. weet hew 6 owt. 
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romp | =e y Ee) (6) 
where é [yee rds 


v(x) = | na/2 are cos x/? ~ (1 - x) V2] ‘ 


= EL 
= = 





E* « tobal Kinetic energy of the 
with raxpect to ¢.m ccordinates, 


ps «= B28 = Od = herrier height. 
i aI 


The penetrability function thus calouleted is with respect 
to the canter of mes, and therefore ita effect auat be 
added te the reaction threshold F,, to find the incident 
perticle energy in laboratory coordinates for « given pon- 
etrabliity factor. 


& © energy cf the reuction, 
Ay * maey number of the noatrot, 


fap = puss nwaber of the target nucLleude 


It was ceclidec Lo use phow phorus > and eluminun@? 
for detection of fast aeutromsa in these experiments, 
pln.) oi 94 has e threshold of 3.9 Sev ewleulated by e- 
guations (6) ané (7) for G.5 penetretion provability, and 
leads to «© 170=-mimute betw activity in 3k, similarly, 
4127 (n, p)me*? has a threshold of 4.6 Mev for 0.5 penetra- 
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The indium foils usec in these experiments 
were the same folls used by Tittle, Dacey, Paine, and 
Goodman? , end Delano®, They were cut from sheets sup- 
plied by the Indium Corporation of Americe and guaran- 
teed to be of 99.97% purity. The sheets were hand- 
rolled to a thickness of 0.003 inch, or about 56 me/om”, 
The foils were die-cut to a diameter of 3 cm and cere-~ 
fully weighed. These foile were calibrated by Tittle, 
ané his ealibration faetors, which are tabulated in 
Tables 2 and 3 of Deeey, Paine,and Goodman’, were used 

shout this work, 





The aluminum foils were thovo used by Delano 
and Goodman®, They had been cut with 1 3/16-ineh dies 
from 99.8% pure 0,024<inch thick aluminus sheet, The 
phosphorus foils were made frem 1/16-ineh thick, 1 3/16- 
inch diameter lucite rings filled with AOS powdered red 
phosphorus and covered on beth sices with Ucotch tape. 
These foils were considered to be "thick" to the beta 
rays emitted, and no correcticns were made for the 
Slight variations in mass between the foils. 

The foils were counted on the counters used by 
TAttlet} copy Dacey, Paine, and Goodman?, and by Delano 
and Goodman® (see Figure 6). These ecounters consisted 
of two Victorean mice window beta counters (Model VG- 


Special) mounted in cylindrical lead shields. TFulees 
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from the counters vers fel inte two ateudaré amplifiers 
ani seeles-of-sixty-four, in electric tleer cperetod 
the counters oa a cycle of: ome winute off, five minutes 
ou, Gne minute off, flve Minutes on. 

Peleno® determines the eountera te be Linear 
beyond 20,000 counts per minute, l counting above 
10,0600 counts per minute was attemptec in these experi- 
ments, and generally counting wee cone below 5,000 per 
@inate. Henes no corrections for counter ceac tine wore 
hecessary. 

Counter Ro. 1 hed & ®ligshtiy highar sensitivity 
then counter 2. This was eerrect@a of compuilie & count- 
ing ratio aecording to the followins equeticn: 


C. 
hk? , R2 
Coz ° G2} 


where C1, =" activity of foil 1 in aeunter 1, 


ectivity of foll 2 in scounter 2, 


C2 
») 
RG 

« 


Cig “ eetivity of foil 2 in counter l. 


aetivity of fell 1 ia counter 2, 


= 
wm 
he 
e a 


counting ratio between the counters 
for 6quel oll ectivities. 

By the simple expedient of cuuntiue two Tolls’ simultane] 
ously in the twe eccunters, and switching the folis be- 
tween tie counters, a counting ratio of 1,U4l was Gotear- 


mined to well within oneewhalf of one per cent soouracy, 
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TA an #ttannation experiesnt, the fell holders 
were suspends? within the 4ucts by Scotah tape from e 
amnll wire rine whieh was Gllowed to sprime gut ttehtiy 
eagainest the duct walls (see Yicure 7). The phosphorus or 
Blnusinun feils were leeate! et the exis of the duct. The 
ecadaium-covered indium feil ané the «lusinue-covered in- 
é{um foil for one position within the duct were loented 
extmlly dlateant from the duct axis, the @eeunption bdelng 
pada thet if there were « (flux gredient across tha duet, 
1t would vary sywmetricaily about the axis of the duct. 

‘ith the foils in place and tne door closed, 
the eyelotron wes cpersted for five to thirty sinuter, 
An attempt wes made to ivreciate the foils fartrest from 
the source sufficiently to get stetisticeliy significant 
counting retes without activating the folla nearest the 
eyclotron to euch o dezgres thet unusvel delays were rea- 
quired before theese foils could be counted, 

After irradiation, the folls were removed from 
the ducts end counted, the leest setive beine eeunted 
first. Indium foils were courted five minutea on the 
front and five minutes on the beck, the cum being ocon- 
sidered as proportional toe the flux, Aluminum foils and 
phosphorus foils were counted only on tae front, the @a- 
fumption belne mede that these follis were so transparent 
to fant neutrons thet no importent alfference would be 


found between the front aotivity and the beok activity. 
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‘he aetivity fer atch foil me Ooprsotet ta the 
ent of tha activation, Correctionn ware amle For vomnter 
counting Petics, for endmium ettenustion, aa for toai-~ 
viduai foil calibrétion in seeordancs with TeDlew 2 and 
3, page 19, Taeey, Paine, and Gootmen?, "Ihe rewndhant 
aetivitias were then considered to bse prepertional to the 
neutron flux at the foil lovstion. 

Although in these experinants the important 
eonsideration was the relative flux at different points 
und not absolute values, some idea cf ebswlnte flutes may 
bs obtained from the celibratior of the folls ageingt a 
known flux by Dneey, Yaine, ani Goodman, 


e ————— ~ . ~ 
-_ De gels neil 
- + 
a: & 
: ‘4 
7 od > jon = 


ty ie ele 

| ree = 
ee oe 
ws — are 


7 
f -_— = 






am | . oe : 











the duct using 6 standard Victoreen fodel 1B85 Thyrede 
Geiger tude and on amplifiar~scaler, me flux wee bo 
high thet even at the outlet of the tent duct, the counte- 
ing rate blocked the sealer. A second ettonpt waa mde 
using @ smaller Victoreen Geiger tube Yodel 1oe7/VXO-11, 
This tube has a sensitive volume of less than 1/10 cubie 
inch. fven when emolosed in s shield cf 2 1/2 inches of 
lead, the counting rete was @o high that eooursta remd- 
ings could be obtained cver only the lest fow feet of the 
Gust « 

Acceptable gemma menauraments wore finally ob 
tained usine a fish pole tenizution cheneer sunaitor mide 
by the W.I.7T. Health vhysics Group homuet by Semuel Levin. 
This fonigation chamber use¢ © fimplse monitoring clreulit 
Ceveloped by the Clinton Laboretoriles, and was esribreted 
with standard redium sources before measurements in the 
G€ucts were bern. 

In all gare meseurnmwanie reported herein, the 
distances slonac the @uct *#exis Is omnsidered to be the ais- 
tance fram tha entrance of the duct to the mid-point of 
the Llonization chambar. It is vreslized that this intro- 
duces an error due to tha finite sisae of the chember, dut 


since the raélative capem intensgities €t euy point, end 
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To understend the effects ef ducts within 
ehielés, 1% iv noeessary %o knew the ettenustion of re- 
aiation in 6 solid shield, Deleno and coodman® investi- 
gated the &.I,T. oyelotron shield sn4i obtained ettenm- 
tion lengths* of 28.5 ems for both thermel and indiue 
resonance neutrons (see reference 6, Figures 14 ent 15}. 

The results of Delmno and Goodman were not di- 
rectly applicable to the ehield well in which the pree- 
ont Cucting experiments were conducted, however, sires 
their investigntionsa were in the wall situated 90° to 
taet in whieh the ducts were located. The bore hole in 
which their mensurements wares rece wa, loceted # vout 
21.7° from the axis of the Geuteron rath where it atrikes 
the terget, Gr woll within the cone of primary neutrons. 
The spectrum undoubtedly wes harder then in the present 
ducting experiments, 

In order to sbdtain the neutron ettenuation in 
the wall in which the ¢@ucts were loceted, » einilar are 
perinent was coiducted in which the str@igmt duct wae 


fTilleea with conerete plugs af composition equivalent to 





*In this discussion, uttenvation length is teken as the 
Gistance in whieh the rediction undarfoas « reduction 
by a factor of ten. 
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that of the duct bloéie themselves. The neutron distri- 
bution threwgh the resulting egpentially solid ghield is 
shown in Figure 1¢. The ettenustion length for indium 
resonance neutrons ia about 19 ems and the attenuetion 
length for thermai neutrons is oniy slightiy lerger, i.e., 
20.4 ems. \lthourh the observed curve of neutron ettenu- 
ation is nem@riv linear, there is 6 Slight upward curva- 
ture in Gentrast to Delano and @ooéman's reoults. Tue 
larger attenuation length» vbserved by the latter probe- 
bly result fram the higher energy oeutrons, Fresumoly 
the unwerd curveture in the -resont offfvse results fron 
the hardening of the spectruse 45 one sovea into the 
shield, It {s unclear why @ similer curvature wes not 


observed vy Delano anc Ooctswn. 
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At eny point within © Guot it 1s comvenient to 
eonsider the neutron flux at a given energy as made up of 
three compenunts. ine first component, horeaftsr called 
the “direct" cormnonent., ig made up of those neutrons 
whieh ars inaident on the Gust oapeninue and are transnite 
ted divestly through ony straight seetion of tha duot 
from any source without yvtriking the duct walle or pass~ 
ing through the shield meterial. Another wey of deserib- 
ing this @ixest vomponmnt is to consider it as composed 
of those neutrons which would be present in a duct in a 
shield mmterial whieh is perfentig opique to meutrons and 
hes a zore scettering crete SaCction,. 

fhe second, or "trangmitted,” component con= 
sists of those nevtrons which are incident upen tna wells 
surroundings the duet opeuing, penetrate the gield aate- 
riel, enc ere seatteresd into the duct somewhere #long its 
length, Otherwise stated, this component consists in ¢n- 
tirety of all neutrons not Incident directly upon the 
duct opening but which are leter found within the duct. 

“he third, or “seattered,” component is made up 
of those neutrons which sass threugh the duet openiag and 
are seattered one or more times from the duot wells as 
they proceed down the duct. This component ean be con-= 


sidered to de the “streamed” or “ceanelinzead” cemponent. 
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7S © goot first epprozimetion, tha trenamitted 
component is given by tha flay in solic eoherets ae Ahown 
in Figure 10, sexoeyt for the first few inches of the duct. 
In other words, the flux of neutrone which is trensmitted 
through the shield satestal te & tell loceted eat, for ex- 
ample, thirty inches from tha Gnirtoce of ths straight 
Guet, if almeet exsetly the flux enieh iv foun¢ at thirty 
inches fi e sclid shield with the eeme ineddent flux end 
spectrum. This igneres the smell contribution from the 
neutrons incident on the plus at the entrence. 

The senttered compenant is rot euseectible of 
Girect calculation cr experimental cetercineticn, but it 
may bes obtcined by subdtracting the trensmitted plue di- 
reet compencnts from the total obtained from direet exper- 
iment. This has been dcue end pletted in Figure 11 Yor 
resonancs neutrons in the sizeineh etreierkt duct in cone 
crete. The seattered component, axcest over the first | 
few inches of the duct, is almost exmotly exponential in 
form, and ic the matvor contribution to the total flux 
ever the entire length of the duct beyond nine inchea. 
The direct component, on the other hend, is les#e then 
twenty per cent cf the total flux except ever the first 
six inches ané the last ciehtean incaes. It appears fron 
Figure 11, however, that for aix-inch Guctse longer than 
forty-eight inches in ecnerete the direct component would 


become dominant, and that 1t would be dominant for even 
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CORRECTED FOIL ACTIVITY (t=O) 
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DISTANCE ALONG DUCT AXIS (INCHES) 





» Me 


shorter duets if they were of s Oiameter @ebller tian 
six inches. 
These three components cre Shown sechemetienlly 


for o streieht duct in Tirure 15-e, 
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Figure lO\-& 
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The Sirect casponant oc the flue within & duet 
{s suseegtibin to direct eatiemtivel cerivyetian as fol- 
lows: 

Oauee © Plane isotropic Bourde of neutrons at 
the entrence te © wireign. quel of radius r in @ camplete- 
ly neutron opeque nor-sealterineg shield wterieal. (The 
nasumpticn sf & Flem ivatrepic source ie velleved to be 
a good che for the present isvestiontiom.) Cansiéer the 
ettivetion of & foil et the duct eutrence A anf st fe 
Cistance 2 within the duct. 
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Figure 10-b 
Assume the foil et A if ectivetec to on acbhivily Ne end 


the foil et OH to an activity rT mhicw iv related to A, By 
the retio of the area of the duct opening to that oF the 


hemiephere of redinus L: 
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Sines the direct emepmuent if eo t lovortant over much of 
the duct length, emy error in the @arivetion of thse equa-~ 
tion for the direct componunt rasilli'ne Cros the assump 
tion of # pisre iagtraplo seures Coes net produce o sig- 
nificant error in ths computetion of the olser two compe- 

$40uning Cred sections e« jiven ty Joodean?? , 
the senttartar oress geetions for the Jorerete used in 
these experinents were 11,4 varoe for Gherasle, 6.0 barns 
for indium resonance néeutrma, and 1.13 burns for fuat 
neutrons. Thus, af vhowm in the Appendix, ome would ax- 
pect that the seattered compument o: the Saet neutron 
fluz Would experiance 2 greeter oe ttismuution In ce givan 
length of Cust then ecvld tke stuttered component of the 
resenence or therm] noutrons, snd also that the direct 
end soatterad components of the fuat nautron flux would 
experiance growter attenuation ot ust bends. This Late 
ter phenomenon ig inereased vy the areater forwerdneas of 
the seattoring of fewt neutrons in the lsborstory coordi- 
nates. 











@ Therma) neytrogs: If wv epply the cousiderntions 
outlined above to the curves obtet.ead by apperiment, many 
significant affects can be yualttetively understood. I[t 
ean be gecn from Pieure 12 that under the Merticnuler eon- 
ditions of these experiments, the uttenustion of thermal 
neutrons in all ducts in easentieally exponentieol. From 
thia it would appear thet the Girect component never be~ 
comer over-riding for tihase neutrons. “Lsce « comperiaon 
with Figure 10 for noutroe Slur in gelid conergte indl-~ 
cates that thia Latter flux is © wwii fraction of the 
flux ir the duet st the sane éenth from tho front wall af 
the shield, the tremanittiec component is alet geen te be 
unimportent oexoept for the flret few sean free peths in 
the duct. As @ result, ths seattersd compongnt ia by far 
the most Lipertent over most .* the dust langth. 

There are perturbations from the stresight expo~ 
rential form in the curves cf YTipwre 12, however. The 
helical duct curve resainsa appreciably above the exponen- 
tial for aimost the first fifteen inches of its length. 
This would appear to indicate thet the firet, or trans- 
mitted, component is mera importent over the first see- 
tion of the helical duct as conptred with the othera. In 





the heiienl duet, the fire Toot of duct length resoves 


the duot oaly about nine inches from the face of the duct. 

















‘=: fess on 
peop den tome ewe unser 

| } omy 4) PreeRe Mette 
- ee) rte cane teen 
A eee me geet] fre. eee den tees oat? 


Ce ee ee ee Oe ee ee 






= s' 






~ 

















~-——_ 


2 
r 
+ . 
« . 
o 2s ae 
. 
° ° + 
. . 
"= 
- oe 
= Ta i =. 
<= 
_— - 44 
- © + ~ 
seen 
H i 
T=" 





A 
L 


{@ Gee @ 1 oo 


7 rs 
4-4 + 
—+— Come: 
— we ° ° 
= : 
E * 
: . 
¢ PY 
? ° 
° 














— 








. = ry 
. 
regen ine 
+ —-* 








. 
Stes 
- 
— es 
+ ~e 





hg 
+—+- FF 





































—— = = . 
4 ~ - e . 
t 
— - -_—4 ~+ ’ oo . —e 
+e - $4 - + ° e ° . 
- +—e- ¢ - > 
i i I : 
Se b~——4 — ‘ + . 
- — + : - ‘ ° 
\ ! 
+ — + -——?— $— 4 —- oe - 
= . ; 
a 
° 

































































































































































































in els nepue A ee He att 
if) Au hea ae Net! A. Pe: ae ae] sith TATE 
st SSRNS a a ML HARE eee ete 
val ab oe PERT sia gH Tha tT 1 any a HH 
amas mou a Tbe i TE POR 
AL : ! Ai / | | é 
eel Ete Rf ee eae there let 
vif abe Hanoi ms OUI ; t ‘ali ) 
te # HANRRB inssnahE iS re 
he. = ee ie il me! a ey ‘ll Ot 
fe | ase eeee aL Gite, Cae saa ee pT ei at 
i al till MLL lf i aa eee eae 1-400 He 
RTT TT Ty Pll lhhns LERRE ER iii iti TTT ETT TTT tt Nee PTT ET GL 
Cie CE ta (ae Ut eros TERRE ae yn Hit TREC GRRE, te | TT RRR 
2 a A ae LE HiT aa Ca 
ul ii Mui Ma TT CEE al HUE Ana ane a Suh ee 
PORTE] | ee ae “a ee ime Pile | Aye EU og UU REA EF2 30 BEER 
pot re mn HH 14 bhai Ht Httit tt  Yg fit Wi PTTL ELE EEE ET TT) Her 10a) eee | clad 4 
on = 
2 on EES 2 2 pofelepete fos Ht nH ees ne a tt Toto ae 
MOO ALRUUVASEY ADERE CESS DUN LNGEG TELLUS LER a TT TTT Ee Maid (ong o=ae 
OR HTR UTE ELEL LE ea At AA | StH 1108 eae iio | tl 
on a a a 
WS AA HI, fl] (i / 
Hi it BE a eee 100) EH ADORED PU ELE LL ii Se il FH Gt tt 
POTTER TTT ee] INO 67 Ord Ee OTT ATETTTTTTT TT TT  T PT Pea aT I 
PSE tee peat Hi CECE ra He RRR EEE EE 
UT alt i CODD T RRS CO ee NAT NASR EH HiME EoRR tii ft 
eet: rie AERA an art a 
ae ea a AE RASS 8 
Hi (}j mt 
cae Maca coeee aa eH a aT asoaes A 
4 4A) pli it | 
ao wiv” ala HUET TT ey tt il Ha AMT GALS HH attr f 
PALL | POROA LUA G E208 0 2 AE SAY NA RA HUME LANES ALORA OOOG AGS EG GGG eS ee ae ae ATH SAH TRA A NUHA RDN OASHNIBE 
Age ft i HC at Le aT ctefeeb AE HEE Tt HE {It 
BCH Cet THEE CCE tte aH eee EEE EE 
Vol HAM LTTE ED iW ANTM eee tsb {ell aiiielie loal oa mh SET) SUR AAT Ic CT ee | alc 
TTT TTT sa fictitee eect he asp tT saa ll niet 


rd 


mOonrwo wm «+ 2) N Aon wo w + ” N =—=FOOr © WwW & ” N : = AON w WwW + ” N 


DISTANCE ALONG DUCT AXIS (INCHES) 











- 32 - 


In the cthar twy duets, the Tiret foot of length removes 
tha ducta twelve inéhes from the front fem, One would 
expect, therefore, that theron wovle be © digber tesne- 
mitted component of thermplo Teading late the duct fres 
the concrete over tho Pirat fow inches of tha bolins) 
@uet, expectelly sinwe the enrve for therm te in agli 
conerets, Tiguye LO, sare Puletively Mieh tharnel ine 
teneiticsa in this vieluity. 

Tt auy Glee We Seam Trem Pisures 12 aad 12 thet 
the attenuation in the Guat with teo right angle oemds 
shews a marked ¢ly (ownweré free the wqyenantia) in the 
Vieinity of the two oande, ond thet thie @lp £8 mere pre- 
uounsed et the Ciret send than af the oacomd. Thia womlé 
seom to inécicnts thet the rire bent eliminates the see= 
ond, or direct, component Cros the ewuaree, aad that €& 
given length of bent Guct rovultse 1A jremier ettemmtion, 
even for theratl nawtroma, en an aywa length of § 
atraight dwot. <A new Girset component, originuting in & 
virteal sources on the oitoonrd walle of the flrst wend, 
is projected’ down the second streiaht seetica of the duct. 

"ne curve for the duct with two cignt angle 
bende is slightly flatter ever tho Length between the two 
bonds than over the rest of ite jength. This cen be un- 
dergtooi when one consiéere ihet over this Jeangth the 
first, or transmitted, component undergces no decresee nhate 


goever, gince the duct le perellel to the Front face of 
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the @ialé, where’ cror the rewt of the Lemeth Gee suet 
is parpentioular to the freat fees of the shield, and the 
transaltte? compenadt here ta ekremetead «2 thon in Pig- 
wee 15. 

All three Quet curves sich & allot dowmraré 
trend over their lest tan inches, This wy Se axpletned 
by Pointing oat “yet the Colie ot dhe ends of the ducta 
ad no ehterial Uehind them, ené that obey were, thare~ 
fore, not subjected to » Tiler of timrke) newireont aeeatq 
tered back upon tham by raterial loteted ta thelr pour. 
tin other wor’s, the relle withiie tie cult crop ere aube 
jeot to & sertain amount of slbedo effect from concreta 
ferthare from thn front of cha atleld bien they, The 
folls et the dust exzite were pot unter this inflvenes, 
ant thus their readings eeuld be sxyectad to be lower. 

Jertain other exyordowertel fete seam bo sent irs 
that the simotart of material rameaniue effets the abtemune 
tion obtained. The attenuations of thermal nltrena are 
gonpeares in “igure 1? far teo redlually 44¢feraat experk- 
mental goenditions, Ia ase cess only olf tie consrwte 
blocks (twenty-four inches) wera to plese; in the other 
all blocks (foerty-ciztit inehes) were used, Comgeriaon of 
the ettenuntions for those portion#e of both euéte within 
Gi distance cf twenty-four inchare from the outer faoe indie 
gatea fdontical reluxetion lemetas. "or 6 given Bection 
of duct the ettanustion fe thu ween to ¢epené pertially 
on the amount of shielding mwerial beyond thet section. 
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Tha siterzetion oF thereel rewtrone in éeets 
of tha shenes currently inveaticutet can he swermriced, 
thorafere, se rowhly exponential, © it) ep attenustion 
length of u-eresimutely 50.7 ome fer els-inen eireuler 
Gucts ih oopcraca, and sith mine’ strture tienes Aus to 
boundary On eoameatrienl effects et ahield «urfnces and 
uct beret. 


Ye [idiug Pegopense nautronss Toe curves summriz~ 
jng the results of attenuation exyerleents for indium 
resonances noutrons, Figure 14, are yublitetiveiy similer 
to those for thermel neutrona, “leure 124. There ere some 
marked cuuntivative differences, however. /ferh@ve the 
moet obvious is that the attenuation length for re@onanes 
neutrons is considerebly lass then thet for tharmple, cs 
cen ba immecinvely seen in Firwrea 13, 15, ani 16. Whe 
attenuntior fangth for resorarce neutrone in all duets 
Was, in fact, abeut 44,5 ms as commared to 50.7 cm for 
thermal neutrons. This would seven to follow dirwetly 
from ecensiGerationa mentioned ubove of tw Oifferences in 
peattering crosm sections for thees two seutron groupe, 
thua inereesing tha attenuation oF tke aecatterec compo~ 
nant, which ie@ dominant over the eitire Longen, for the 
resonances RButrons aa commred to the thermnals. 

Similar consi¢erations expiain the feet thet 


the curve tor the two-erieht-anreie-band duet has 6 sharper 
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drop ab tie Cirwt wd fer Peeereome Teee fay therm ba, 
end if flettear over tite laneth af the midéle portian, 
hich ia werellel te the Cremt feow of the atialt, wore 
oS inte the cunsewte &t ike Deute celher then be ecat~ 
tured tack inty tlic dost Sayow’ the bens o Lente, Deooume 
thay unceanter @esller woutterlog vrowa aeotiene. 

The sibace affect resulting Cres aetertel dee 
hind a4 wali =6 in fromt of the folle, mamtionad in tha 
therm. feutrm 'loonesion hove an omaiey the aliont 
downer? tren over ine last Lon inches of tho there2 
sarves, lez uot nearly fo tapnetent To pedeamne® asutrons 
aines these noutrons Reve seeuntuet oop, “forewings” 
shan the thermele end time tend to eetivete the foils 
from the forward «idez mmly, Ao e remmili, this domwerd 
trend over the mds of the warvee is vol cbenrved to to 
Qresit an extent Un ihe roaouwknee CulYRe. 

As a matter of feot, the curvee for the straight 
dueta for resonames neulrme adotuaily show @ @light upeerd 
tread in their last few imebes. Uno wild expect, a2 
shown in Figure 11, thet towmrd the end of the @tre ight 
duct the seattered semponert woull Gecoms lear importeet 
ef Gompared to the direst compenart. /etlomlly, the leet 
fuw ineher of the straigtt tueot ia the omly Sieee whare 
ihe direst eoweorenent would be espetted to bo Lmportert. 
Tf tht be tree, then the upwerd trend of resenmyow nave 


tron curves in the straight dect, as shown in Figuren 14 
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emf 15, cao be «elareten, sires the firset eommenen? has 
thie form tt thia soint. Thie effeet te not obtuinad tor 
the last few Dothee of Whe balidel oF lant Quote, beomuse 
tznara fc of “ipect coaponeyt tn thane 4neote bayend the 
first bent. 





@. Fest peutryng: 48 expleioeo im the third section 
ef Chapter IT, the neutrons generated in the #e4(4,n) re- 
eetion in tae experixzental arréingasent ues )arain, were 
seatterec at loest oncs and provably severe] tises befere 
atriking the will in which the ¢uete were located. The 
yeeult of this senttering was thet the reutrons in tht 
part of the spectrum cepeble of eetuatine either eluminmin 
or phesphorus soil thresbole detectors way not intense, 
and it proved a1ffieult to obtain statistieslly #ienifi- 
gant results very fex into the dusto. The diffisulty was 
iner@ased Py brveekdown of the cyelotron for » target box 
change Which resulted ine beam current of deuterons less 
then helf thet optained before the chegge wee ates. With 
phosphorus roile en three-hour frredsebtion runs, however, 
it was poseitie to obtain Dmirly geod results at lenst 
through the @econd Gene of the bent duct. These results 
are Dlctted on ®igure 1y. 

Tt is Lemediotely Spperent thet the attenustion 
leugth fer fest noutrema in tlhe ducts wea coasitderably 
lese than that fer tna resonases ano i hermale, Gnd whe in 
fact only 29,4 cas over that portion of the ourve whien 


epproaches the true exporenttel. 
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ja curve for fast nertres, sowmver, toparts 
much Serther Crom the oxpomearfiel corer ite entire length 
then ¢9 any of the Others, The firot feportcre, serkedly 
upmned, in in the flret few inebec of the foot, This is 
believed T+ ba due eleaot anitrely io the rery high eon 
tribution of the tenomedttad cowpdnoyt iu this position 
wWhidh remelta from the low weer Sree woth for feat aen- 
troma £) ealt? conerete as ecaperet to thermeles ond peso- 
Banoe, In othar words, far feet amtrons, ihe touneeite 
teé cimipeneut spresrs to daminsta foo Mie Tipet tea 
{nekes of the dust Janeth, 

The fast neutron curva la flattar bhenm the othe 
eve botwean the banda af tio bent inet. Thies io due te 
two eouplinentary feetorn: 6ho very sue lees soetbering 
eross section for Tast newtrene, which Secrs@ans fia seete 
tered componant 9% the firat wend, and she cowater seen 
fran path fcr fast nwatrons liu 3ontrets Wheel permits the 
transmitted component to vatoom more Latense with reapeot 
to tha cthera, The rawult is tio) the treneiftes oampa- 
naut is 2ominent over the seeticn of the dant Guet bee 
twaen the banda, end Since this cemponant ia eoastant 
over thia Gistanes, vreletivaly ilttie ettenmustion lo ab- 





teined. 

The braeke in the fart newtron curve @t five 
hangiz 420 each Ghaierer thee theese in the therm) end ros- 
onnnee curves ot the rane pointe. “hie, agnin, if oF 


plained by the coneideration that the scatteriag erosé 
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eeehion of coperete for "et wertirece ty sonci/erebir 
loge thes fer nevtrome of leer euurny, anf thet fert mene 
teamed ih emil’iian WIN © eaetharine oucious heww creeter 
Torwerdaenn {ey lLaAdaralowy oOo iaetaa, These Pant fewe- 
irons tend, therefore, 8o cattings ge ivin the wells fae 
Stoad Sf vesttinrim “Sek fate the turtea of Bends, 





Gonelfierize the ultimte function of ¢ skiele, Lt is im 
portent to determine tha erfect of ducts om the total 
number of ne@utrore which penetrate the shield. Is addi- 
tion to the nevwtrom flax Lotensity Prom the @uch proper, 
it 1s necessary te know the redial dietrivetion over the 
face of the ahielid arsunc the duct oullet. The affect of 
the duct cen then be determines by suaulne up the comtri-g 
butions of €11 alements of Brea apoend ihe Caet anh aad- 
ing then te the contribution of the duet proper. 

To obtnin the distribution around the duct exit, 
foils were arrengwd redielly erount the cutiset of the 
atreight duet. The resulting distributions ere shown in 
Figure 21, oth the thareri 7A ihe imide resouamies ngu- 
tron flux deecrenes repif(ly with inoraseing diatence fram 
the edge cf the duct, Tn shite of tele, howevar, the to- 
tal comtribution to the resomnce flax of the aros within 
four tuches of the duct efipes ia fifty yer Cant of that 


oF the Guet Propar, 








CORRECTED FOIL ACTIVITY 
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MENQts =f the compiler neture of the bountery 
cancitionrs *f the duet exit * similer gtudy wee aede ip 
the ri@init’ of the ais-peint of the atraicht @eet, 
Polls were arein cistriveteé redinlly erews the Cnet 
axis over in ieterf hes brtweer fwo olocke. The rasult- 
ing radi") Sietritntions are as shew te Yiewre 22, The 
@ncranee af beth thencel ené indium Panmeenee neitron 
flux ta oxpomentiel over a éLwtencs of nine inehee Irae 
the @uet efige. Gryrone tnis dietance « d@ermeae in the 
slope ef beth ourves is chearvet. ‘Ines ef iaree (ise 
tenees from the dvot the neutrow Slax eyold be expected 
to becom constent, thio chance in alona omy renrenent 
the bacinuing of the trang. ®fon ovteess Sou ragiens of 
@xponentinl Secreane en thot of sonstent Flice, 

She Sttenuetlon Lansth for tharsal nentront was 
determined by tha Lattar sxeeriuent to be 27,9 ems. This 
compare’ favorebir atth en Ivereqds velas of 26.6 ams Ge- 
tormined fran the attionusetion of Usearenl neutrone in the 
straight duct Cilled #itn ceunereta. 

Tha Weutren distri futienms in the ghielé arouné 
ths duet suerest that the effeer of dmote my be strongly 
affected by the compomitiun of the wiiel4, Thies is in te 
greement with the serly experiments of Cnoimers?+ on the 


esos lineation of newtrens, 
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thought not impossible tyat there might be @ variation of 
neutron flux ae a functior cf traneverse pooliian et any 
given point alone the oxie ef a duet. To Levestigete 
sue variations ter indium reromeite meulreds Sie Gail 
céedmium-ecvered indium feils eere arreneed im horizontal, 
lines corm to the duct asia, easuramente were made at 
the mid-point Gnd cutlat of both wtreient eat bent @uote, 
In 00h o8se the indius resanence "let wae Tune wl than 
the limite of arperipente. Grror to he eeéantiaiay oGhe 
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G+ Gomme rays: In comparing the attenuation of pam 
@a ruys in ducts of variouw shapes (see Pigure 20), 16 is 
fected by Guct length. In Penetrating the four feet of 
concrete under the conditions of the experiasnt, the bal- 
fen] cuot iu shown to breve on cffectivamese in attenust- 
ing genme reys epproximetely three tlace thet of the 
straight duct. xtrapoletion of the results for the duet 
with two right amgle bands Suegusts thet it is approxi- 
mately ten times ao effective a» the straight duct. 

One important feature of the curvee fer both 
helical and bent ducts is the mull value ef the slope at 
the inner well. As explained by Delenc and Goodman®, the 
ganumas within the shield consist of primery gaeema from 
the target, rammags regulting from the ce/ture of thermal 
neutrons by hydrogen, end secondary @aemme resulting fron 
the interaction of fast noutrans with the shiels constit- 
uents, The production of capture and seeondary gammas at 
the imner fece would seem to axplain thie offect. 

The slope of the curve for the straight Guct ia 





generally les® tian ths slope of the curve ror either of 
the other two duct shapes. “ore fparticulerly, ite slope 
is less than that for the portion of the bent duct which 
runs parallel to the inner fwce. This would seam to be 
explained only by some ompoceant stroagly affecting the 
straight guct en’ not effecting the ragion of the bent 
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@uct geseribed «hove, Ooametricel consideretiane ant 
the continusily decreasing plope of the curve ror the 
straight duct Siegest that the component in question is 
a direct component anslogous to thet @lreedy discussed 
for neutrovs. 

A further study of the atbemuetion of gauume 
in salid cenereto in the region of the concrete blocks 
should sake it possible to isolate thé verloue compo- 
nents contributing to the total effeeta herein Cascribed, 


ee aaa a a 








IV. SQOPOTTOM ov PTE ear 


beginning if the effeeta of ductsin shielis ere to be 
theroughly understood, It vecame appmrent during the 
course of the present experieents that the underatand- 
ing of ducts could be advanced further Sy axperinants 
@long the following lines: 


1. +n oxten@ion of the work with voids; 
in particular, experimentation should be carried out 
with the entrance portion of the strnlett auct plugged 
fer various distances; thet is, voids whould be mde in 
the exit of the straight cuct, ane the radial distribue 
tion of noutrone determined soroas the outer fuoe. Me 
periments should elso bw condueted with voles of a fixed 
size (for exumple, twelve inches) located at various po- 
sitions within the shield slong the straight duct axis. 

2e A Complete survey of the feos of the 
ohield with ducts should be mace. An integration of the 
flux over the entire arse surrounding the duct @8 OGe- 
pared to an integration of the flux cover the 6hme area 
without a duct is the only method of determining the to- 
tal nugber of neutrons which eseepe from 6 shield #é@ a 
result of ite being ducted. This nueber is the primery 


oriterion in shield desilen. 
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3% The effect of ducts as « functian of 
shicld aateriel should bs determined. This could be fe- 
eLlitated by the uee of & tenk filled with ester in which 
éucts of various shapes could be placed. uch @ tenk has 
already veen febrieateé to fit the M.I.7. eyolotron door 
in place of the blocks used in theee experiments. Ite 
use with Quote of the same size end shepe a8 those used 
in tha preeent experiments should give preliminary indi- 
eations of the function of the shield emterial in deter- 
mining the effects of cucts. 

4, ruct shapes other then those investi- 
geted in the presext experiaants should be tested. This 
too should be facilitated by using the eater tanks re- 
ferred to above. 

5. Neveral @ore sxotic mothods of redueing 
the totel leakage of neutrons throush ducte might de 
tried. Amonms those which the authors feel worthy of in- 
vestieation are neutron traps in the form of extensions 
ef the straight portions of bent cucts et esob bend, and 











duet linings of meterials having high ergse sections for 
absorption of neutrons. 

6. The effects of duct orosa-sect ional 
area and shape should be determined. Iv is possible, for 
exemple, that the aspect ratio (1.e., the ratio of the 
length to the width) of the cross asotioua of rectenguler 


ducts may heve an importent beering on the neutron attene 
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uation in the ovat, 

7. If pos@ible, attenustion azperinents 
similar to those reported herein sboulé be rapested on 
the streight duct with the cuct length inorsesed by one 
or two attenuation lengtha, Such experiments ahould in- 
dieste much of the reletive importence end absolute in- 
tensity of the direct component, since the direct caupo- 
nent would be dominant beyond ebout forty-eipht inebes 
in the straight six-inoh duct. 

6. Attempts should be mmde to obtein data 
on fast neutrons vith greeter stetietioal significance 
by incretsing the cyclotron beam ourrmut, or by using 
longer irredistion times, threshols ostector foil mte- 
rials with higher cross sections tian that of phomphor- 
us, or electrical counters of the hydrogen recoil type. 


If theese suggested experiments should be car- 
ried out, e largs emount of informetion veeful in the 
theoretical analysis und the intelligent engineering de- 
sign of ducte through redistilon atiielda would be obtained. 














In the enlculations, we ceneider the camposi- 
tion of the concrete to #6 approxiestecd on 6 weight besis 
by 


KH = Ost 
O = 5059 
Si = LS.3 


The contribution of the values of NZ 56 for other constit- 
uents is negligible, 


Lat w = weight of elemant per unit weight 
of cencrete; 
N «© nuclei/em; 
a =m 


os seatiearine cross section, barns; 


atomic weight; 


A Avogadro's number. 


ae (concreta) = 20 pe . 2.™ & se 
2H Zw 
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GHerttering Cross ‘ectionsa ( barns) 





*Zxtrapolated value 


B= 0,025 ev 


eOCEL bd 58.5 + 





«509 ° 
“se ™ 


OO + 2209 . ob E3 
16 28 


aw S9ed + 1363 + Bol . - 
e & + 3.18 + 1.72 titer 
Eres tet SY 
0,84 * 22 + 50,9 * + © 3.72 + 48.3 ° = © 2.25 
5274 


. 2825+ 1208 + 309 . oe : 
ay 6.0 barns 


S89 


B= _b xev 


0.84 * 168 + 50.9 * yee Oo8 + ee > Leu 
“se * 5.7% 


« todd + 2094 + 2eh2 . 3. 
5. 7h, ed OERR 
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